in Wiley Online Library (wileyonlinelibrary.com) Many patents for the first biologicals derived from recombinant technology and, more recently, monoclonal antibodies (mAbs) are expiring. Naturally, biosimilars are becoming an increasingly important area of interest for the pharmaceutical industry worldwide, not only for emergent countries that need to import biologic products. This review shows the evolution of biosimilar development regarding regulatory, manufacturing bioprocess, comparability, and marketing. The regulatory landscape is evolving globally, whereas analytical structure and functional analyses provide the foundation of a biosimilar development program. The challenges to develop and demonstrate biosimilarity should overcome the inherent differences in the bioprocess manufacturing and physicochemical and biological characterization of a biosimilar compared to several lots of the reference product. The implementation of approaches, such as Quality by Design (QbD), will provide products with defined specifications in relation to quality, purity, safety, and efficacy that were not possible when the reference product was developed. Actually, the need to prove comparability to the reference product by the biosimilar industry has increased the knowledge about the product and the production-process associated by the use of powerful analytical tools. The technological challenges to make copies of biologic products while attending regulatory and market demands are expected to help innovation in the direction of attaining more productive manufacturing processes.
Introduction
Biologic medicines, or biologics, are large molecules or complex proteins obtained by genetically engineering eukaryotic or prokaryotic cell lines or through biological sources, such as cells or tissues, and they are used to treat or cure diseases. The first recombinant biologic medicine approved for therapeutic use was human insulin in 1982 in the US. 1 Since then, the number of recombinant biologic medicines approved for human use, including monoclonal antibodies (mAbs), has increased considerably. Patents on the first recombinant biologic medicines expired, and companies have developed biosimilars of those products, followed, more recently, with patents expiration on the first approved mAbs. 2 The companies planning to produce biosimilars need to reverse-engineer the complex manufacturing processes used to produce and purify these drugs. Because of their complexity and process specificity, it is impossible to produce biosimilars with exactly the same characteristics of the reference medicine. Furthermore, despite recent advances in technologies used to manufacture, purify, and test biosimilars, laboratory testing is not always sufficient to prove bioequivalence. 3 Regulatory agencies, such as the European Medicines Agency (EMA) and US Food and Drug Administration (FDA), along with other regulated countries, require pre-clinical and clinical comparability studies to demonstrate safety and efficacy, and request additional postmanufacturing assays to look for immunogenicity of biosimilars. [4] [5] [6] A paradigm shift avoiding the use of animals in preclinical studies was recently published by the European Union (EU), through a science-based approach.
insulin glargine. 8 The FDA began the process of developing regulatory requirements for biosimilars when President Barack Obama signed the Patient Protection and Affordable Care Act (PPAC Act) into law on 23rd March, 2010. The relevant statutory provisions are also referred to as the Biologics Price Competition and Innovation Act (BPCI Act) of 2009. 6 By forming regulatory pathways based on a totality-ofthe-evidence approach for highly complex drugs, both the FDA and EMA will ensure that patients obtain access to the best care possible while continuing to ensure that safety remains a top priority. 9 Regulatory legislation for biosimilars have clarified many aspects of their development, and many countries have adopted their own guidelines based on the EMA and World Health Organization (WHO) publications. However, there are some challenges in areas such as bioanalytics and comparability assay development, the definitions of biological activity under clinical view, the global harmonization of acceptable data, and product commercialization strategies of biosimilars. 10 Because of the complexity in the production platform of biologics, very small differences in cell lines or manufacturing processes can have a large impact on the final product, including potential side effects. Immunogenicity, one of the most serious adverse effects, has been observed during the therapeutic use of innovator products, which causes additional safety concerns among biosimilar regulators. Up to now there have been no clear specifications for analytical tests or preclinical and clinical studies to demonstrate biosimilarity in relation to a reference product. Companies developing biosimilars have to develop their own plan to prove biosimilarity. 11 In fact, the development of biosimilar bioprocesses is very flexible due to the numerous possibilities and benefits available, such as disposable technology for production, supply chain logistics, and modern in-process analytical methods for process development and validation. 12 Total sales of biologics in the US reached almost $64 billion in 2012, an increase of 18.2% in relation to 2011 sales. The highest selling class of biologics was mAbs, representing approximately 39% of total sales. 13 The entry of biosimilars into this market could lead to savings for healthcare systems.
Regulatory Aspects
It is a general consensus that the generic approach for small molecule drugs obtained by chemical synthesis is not appropriate for biosimilars. The approval of "copies" of biologics called biosimilars follows a specific regulation that is based on biosimilarity demonstration regarding quality, safety, and efficacy aspects in relation to a reference product. 14 The term "biosimilar" itself is not a consensus by regulatory agencies and each adopts their own term and definition (Table 1) . Despite the existence of slight differences in the scope of guidelines, reference product characteristics and datasets required for approval among different regions, the basic principles governing regulatory requirements are very similar. 14, 15 The EU pioneered the development of regulatory aspects for biosimilars and also on giving marketing authorization for them, starting from the first generation biologics (somatropin) up to complex molecules such as erythropoietin and mAbs (infliximab). EMA published a general framework guideline for biosimilars in 2005 21 introducing the principles of biosimilarity that include the very basis of the majority of other guidelines. Technological changes that occurred afterwards added by the experience gained by application reviews led to an updated draft guideline released in 2013 and adopted by the Committee for Medicinal Products for Human Use (CHMP) on October, 2014. 4 The reference product for demonstration of biosimilarity continues to be the one approved by the European Economic area (EEA). To promote global development of biosimilars and avoid the repetition of clinical trials, the revised guideline states that alternatively certain clinical studies and in vivo non-clinical studies could be conducted with non-EEA authorized reference product providing justification and bridging studies. This reference is acceptable for a product authorized by a regulatory authority with similar scientific and regulatory standards as EMA. 4 Health Canada also permits the use of reference products not marketed under their jurisdiction in some circumstances. 22 The bridging data should compare the biosimilar candidate, the EEA-authorized product, and the non-EEA authorized product in terms of analytical studies and also pharmacokinetic (PK) and pharmacodynamic (PD) data. EMA also developed other guidelines for comparability exercises considering quality, non-clinical and clinical aspects, and a specific guideline for immunogenicity assessment. EMA has a robust regulatory process and the guidelines are continually revised and updated based on experience obtained with the approval of biosimilars over time. 23 Case-by-case analysis taking into consideration the class of the biologic under review is the approach used by EU to deal with the diversity and complexity of biologics.
14 Following EMA's general guideline, WHO published in 2009 a guideline to present globally acceptable principles to license biosimilars. 17 This guideline represented an important step for harmonization on the evaluation and regulation of biosimilars and several countries adopted its principles to elaborate their own guidelines. 14 In the US, biologics (i.e., reference products) are licensed under Section 351(a) of Public Health Service Act (PHS Act) and the application for biosimilars is done under section 351(k) of PHS Act and BPCI Act. FDA has published a series of guidance since 2012 to help implementation of BPCI Act that is an abbreviated pathway to approve biologics by demonstration of biosimilarity or interchangeability with reference product in terms of analytical evaluation and also animal studies and clinical trials. 24 In 2012, detailed guidance were issued for biosimilarity assessment by analytical methods comparison between the candidate and its reference product 24, 25 and also providing answers for common questions regarding the implementation of the BPCI Act. 26 To demonstrate biosimilarity FDA recommends the use of a stepwise approach in which the extent of residual uncertainty concerning biosimilarity should be evaluated at each step followed by its identification in the next steps. To evaluate all data that support biosimilarity FDA intends to use totality-of-evidence approach. 25 FDA has evolved in relation to biologics and biosimilars and launched in 2014 two draft guidance to assist biologic and biosimilar developers and also a list of biologicals called "Purple Book." Two biosimilars applications under Section 351(k) of PHS Act were filed in 2014, the first for filgrastim (Sandoz) 27 and the second for infliximab (Celltrion). 28 The first 2014 guidance is related to the demonstration of biosimilarity without clinically meaningful differences based on clinical pharmacology studies by PD and PK analyses. These studies may decrease residual uncertainty, guide subsequent clinical trials to support demonstration of biosimilarity and also support extrapolation of clinical data to additional therapeutic use. 29 The second 2014 guidance is related to the Section 351(k)(7) of PHS Act that describes the exclusivity of reference biologics stating that biosimilars may not be licensed before 12 years of approval of the reference product. This guidance determines which data should be provided by biologic developers to the FDA to facilitate the definition of first licensing date of the reference products. 30 The "Purple Book" is a reference list of biologicals licensed under Section 351(a) of PHS Act with "Reference Product Exclusivity" and "Expiry Date of First Licensure" data and also lists biosimilars with information of the reference product to which biosimilarity and interchangeability was demonstrated under Section 351(k) of PHS Act. FDA intends to update the list periodically. 31 Patent information of the reference product was not included in "Purple Book" due to the fact that many patents are involved in the development of biologics. 32 Up to now, FDA has not yet given marketing authorization for any biosimilars under application of Section 351(k) of PHS Act. The recent publication of a series of guidance and reference book clarifies FDA requirements to approve biosimilars which is expected to start soon.
On the occasion of approval of the innovator biologic by the regulatory agencies, its manufacturer receives data exclusivity, a back-up to the patent system, to delay abbreviated applications for biosimilars and patent challenges by competitors. The data exclusivity for biologics in the EU is the same for chemical products, 10 years, and one additional year when an important new indication is established. 33 Biosimilar approval in the US is significantly different from the EU and generic drugs under the Hatch-Waxman Amendments considering data exclusivity and patent challenges, delaying the approval of biosimilars. According to BPCI Act, the reference product receives 12 years of data exclusivity plus 6 months if pediatric studies were conducted. Biosimilar manufacturer may not submit Section 351(k) application until 4 years of licensure of the reference product. After the biosimilar application's acceptance there is a patent exchange process between the innovator and the biosimilar manufacturers, the innovator manufacturer receives a copy of the application and manufacturing processes and also additional information as requested by the innovator. 34 These requirements are target of litigation between both manufacturers. Amgen filed two petitions on October 2014, one requesting the FDA for exchange of information with biosimilar applicants under BPCI Act and another requesting Neupogen (filgrastim) biosimilar application and manufacture processes from Sandoz. Sandoz proposed to provide only application information to Amgen. Up to now, it is not clear if these concerns are mandatory and we will learn by courts decisions with the present and future disputes. 35 On 7th January, 2015, FDA granted biosimilarity status for the filgrastim produced by Sandoz. 36 The final decision is expected in May; however, patent hurdles with Amgen will delay commercialization of the first biosimilar in the US. 37 Besides challenges on the biosimilarity demonstration to the reference product and patent hurdles, there are other regulatory challenges for biosimilars. All guidelines require pharmacovigilance and risk management plan (RMP) for biosimilars when the application is submitted. EMA's RMP should provide detailed information on risks and safety concerns. RMP should be proposed by the manufacturer and then submitted to analysis by the regulatory agencies. 38 The RMP for biosimilars should also consider immunogenicity data collection with description of methodology, strategies for monitoring, risk-minimization, and communication. 39 Until now there is no evidence of clinically relevant increase of immunogenicity for approved biosimilars. 38 In the US, pharmacovigilance requirements for biosimilars have not been specified but the post marketing reporting is mandatory considering FDA guidance on Good Pharmacovigilance Practice for products with unknown safety risks. 40 Other regulatory challenge is related to interchangeability and/or substitution. These terms are often used as synonyms in the US, but not in the EU. According to the European Generic Medicines Association (EGA), interchangeability refers to the prescription of a biosimilar in place of the reference product by prescribers, while substitution means that pharmacists are allowed to dispense a biosimilar. 41 EMA does not guarantee interchangeability and established that these aspects are beyond its competence. Therefore, authorities of each Member State should decide after scientific evaluation performed by CHMP and other data submitted to the regulatory agency on support of the request. 23 Many countries of the EU, such as Italy, Spain, United Kingdom and France, have opposed the automatic substitution by pharmacists. 41 In the US, the determination of interchangeability will be a separate issue from biosimilar's approval and each state will decide on the legislation for substitution, including whether physician or patient would be consulted before pharmacist's dispensation. 42 Overall, due to the intense efforts from originator manufacturers concerning health risks and differences of biosimilars in relation to the reference product, giving uncertainty for prescribers and patients, the application of interchangeability and/or substitution is limited. 41 The use of biosimilars in the clinic may have a positive impact in the near future, paving the way for adequate decisions.
Extrapolation of indications for biosimilars is another challenge. It is critical to consider that reduced clinical studies conducted by comparability can support extrapolation of indications of biosimilars to other conditions not included in the clinical assessment. The possibility of including approval for all therapeutic indications meant for the original product is one potential advantage to develop biosimilars. The vision of regulatory agencies varies according to the biologic class, and one agency can approve for all indications, while another can approve for few indications. 43 One of the reasons for low acceptance of biosimilars by prescribers is the extrapolation of indications without conduction of specific clinical studies. However, the concept of extrapolation of indications has been practiced by manufactures for a long time through introduction of several minor changes after approval of biologics. 44 EMA has great experience concerning the extrapolation of indications. Filgrastim is indicated for neutropenia induced by chemotherapy and its biosimilar was approved for all indications of the reference product such as transplantation and peripheral blood progenitor cell mobilization. 40, 44 Recently, the filgrastim biosimilar, submitted to FDA in 2014, was unanimously approved for all five indications granted to the reference product Neupogen by Oncologic Drugs Advisory Commitee. 36, 45 A biosimilar for erythropoietin was licensed to renal anemia and the approval for cancer derived anemia was a natural consequence of indication extrapolation. 40, 44 In 2013, EMA approved the first biosimilar mAb (infliximab) with extrapolation of all indications licensed for the reference product. The same mAb was approved at the same condition in Korea and Japan. However, Canada approved biosimilar of infliximab with extrapolation for some indications but not for Crohn's disease and ulcerative colitis indications based on differences found in certain analytical assays. 43, 44 Remarkable advances have occurred in relation to regulatory requirements for biosimilar application and approval. It is expected that the regulatory agencies become more confident in relation to current challenges and update their guidelines with more detailed considerations to ensure the benefits of the biosimilars to healthcare providers and mainly to the patients.
The Impact of the Manufacturing Process
To obtain the approval from the regulatory agencies, biosimilars must go through a rigorous development process and demonstrate no clinically significant differences in safety, purity, and potency compared to the reference product. Considering this complex process, it is important to understand how biosimilars are developed. Biosimilars have to follow the same manufacturing process as their reference biologic product, which is very expensive and time-consuming. However, there is a potential time and cost savings when comparing the biosimilar development to that of the reference product because some steps are not necessary in the generation of a similar biologic product. 46 A timeline scheme is presented in Figure 1 , representing the general trend for biosimilars development, in which the discovery/research phase and dose finding studies (Phase II clinical trial) are not required, considering that the biosimilar administration regimen uses the same dosing as the reference product.
46-48 A Phase III study for efficacy equivalence between the biosimilar and its reference product is needed but can be conducted with a smaller number of patients. 47 The elimination of one phase of the standard clinical trial protocol is not unique to biosimilar development. Recently FDA has issued guidance for expedited clinical program meant to accelerate approval of breakthrough therapies for life threatening indications, with expected reduction in time by approximately 40%. 49, 50 Nonetheless the discovery/research period remains a differential for biosimilar development.
Developers of biosimilars usually do not have access to the details of the manufacturing process and active ingredients used for the reference product development. 48 Although following almost the same steps, the inherent variability of the biologic system used and the manufacturing process will not result in a biological product identical to their respective reference product. The only characteristic that will be a copy of the reference product is the amino acid sequence. A comparison of the structural and functional characteristics and the product and process-related impurities of the biosimilar and its reference product will be necessary. 24 Any difference between the products must be justified with regard to the potential impact on the clinical performance of the biosimilar. 51 Details in the production of biologic products vary from batch to batch and with any manufacturing change that can occur for different reasons, including scaling-up the process to address commercial demand, improving the efficiency of the process, and modernizing the process when major equipment needs to be replaced or updated. [52] [53] [54] The available comparability protocols allow for these changes to occur, and in the same way, this concept provides support for the biosimilars evolution. The first step in developing a biosimilar is to carefully examine multiple samples of the reference product to determine using analytical techniques how variable this reference is over time and during its shelf life. 53 The biosimilar manufacturers are developing and validating powerful analytical tools to compare their products with the originators. An interesting point is that these improved analytical methods that allow for the detection of even small changes also reveal variability between lots of the reference products currently on the market. The analysis of multiple batches of Aranesp, Rituxan/Mabthera, and Enbrel revealed substantial alterations of the glycosylation profile for all the tested products. 54 In addition, different lots of Rituxan/Mabthera and Enbrel showed changes in the N-and C-terminal heterogeneity. Rituxan/Mabthera also demonstrated variation in antibody-dependent cell-mediated cytotoxicity (ADCC) activity among the batches tested. 54 The authors of this study concluded that the observed changes were predicted to not result in an altered clinical profile, and therefore all the analyzed products in the tested timeframe are permitted to remain on the market with unaltered labels according to the health authorities. 54 The use of different expression systems in the development of biosimilars compared with the reference drugs may change the post-translational modifications, such as the glycosylation profile of the protein, which, in turn, could affect the safety or effectiveness of the product. Variations in the glycosylation protein pattern can alter the immunogenicity or clearance of the final product. Moreover, minor modifications in the formulation of biological products that affect inactive ingredients or changes in the primary packaging materials may also alter immunogenicity. 55 This situation can be illustrated by the case of the anti-anemic reference drug EprexV R , in which increased immunogenic responses and elevated rates of pure red cell aplasia were observed following a process change that replaced human serum albumin with polysorbate 80 and glycine as excipients. [55] [56] [57] The mechanism by which EprexV R induced pure red cell aplasia is still not fully understood, but it seems to be the result of an increase in the levels of aggregates during storage, although the levels were not reported to have exceeded the specifications. 58 The development of biosimilars to replace the biopharmaceuticals for which the patents have expired or are about to expire led to new concepts in manufacturing processes. The production facilities relied on the use of relatively inflexible, hard-piped equipment, including large stainless steel bioreactors, and tanks to hold product intermediates and buffers, which are now being substituted for single-use counterparts for the development of biosimilars and also in the development of new products. 59 Some advantages for the adoption of single-use or disposable technologies for the biopharmaceuticals manufacturing are: (1) reduced capital costs for plant construction and commissioning; (2) reduced risk for product cross-contamination in a multiproduct facility; (3) rapid changeover; (4) lower utility costs due to a reduced need for steaming-in-place (SIP); and (5) reduced need for cleaning validation. 59 A case study performed by Pa ıs-Chanfrau and collaborators (2009) showed that a hybrid plant with significant integration of disposable technology reduced capital costs by up to 40% compared with an exclusive stainless steel facility. 60 The need to reduce timelines and initial costs, while relying on multipurpose plants, are all aspects needed for the development of biosimilars. To a great extent, these necessities have helped push the singleuse components industry.
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Comparability
Comparability protocols emerged from the FDA's 1996 guidelines 63 and were applied to approved biologics for which sponsors introduced changes to improve the manufacturing process or to implement new equipment or modern analytical assays. There are regulatory requirements to compare the similarity of the products before and after the change without having to apply for a new product development program. Based on this FDA guideline, the International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) Q5E comparability regulatory guidelines were issued which indicated that the comparability protocol could be adopted also during preclinical and clinical studies. 64 These two guidelines were the basis for the comparability standards that were applied to biosimilar products being submitted for approval by the regulatory agency. These standards indicate that the product of one manufacturer is compared with the reference drug of another manufacturer. 65 Bioprocess manufacturing in the development of biosimilars can promote small changes in the structure of the biologics that can affect their function due to the host cell and the environment in which cells grow. Structural changes occur due to post-translational modifications such as glycosylation patterning. The glycoform profile of biologics is one of most important aspects and should be well characterized due to their potential impact on clinical outcome. 54 In the case of biosimilars, the comparability exercise demonstrates the expected biosimilarity which is verified by a complete analytical characterization of the product in comparison to the reference product. Initially, a detailed characterization of reference product should be performed using orthogonal analytical tools to establish acceptable product attributes, taking into account the multiple batches of the original product. These analytical parameters are the specifications for the biosimilars. 52 Biomolecular analyses of biologics are performed for the product characterization, and they are very important factors in the bioprocess. The analyses are composed of three categories: physicochemical, immunological, and biological assays. Overall assay development and validation can cost around US $1.5 million. Physicochemical assays are performed from the beginning until the final step of the bioprocess and account for 66-75% of the product characterization. They can take 400-800 work hours to develop and validate. The immunological properties of the biologics should also be characterized. Bioassays provide information about critical characteristics related to the function of the product and its efficacy. These assays require more time to develop and represent 15% of the total number of assays. Furthermore, bioassays are used for the selection of the drugcandidate, product release, stability assessment, and comparability studies to support process changes or biosimilarity. 66, 67 In relation to mAb biological functions, special attention is necessary because the effector functions should be evaluated even if the product activity does not require these functions. The same procedure should be performed with the biosimilar and its reference product. 68 However, it is difficult to evaluate the impact on the safety of biologics by bioassays, and regulatory agencies demand clinical trials and post-marketing studies to assure the safety and efficacy of biosimilars. 3 Biosimilars should be characterized by analytical assays as accurately and thoroughly as possible by comparability studies. Demonstration of the high level of analytical similarity between the biosimilar and the reference product is the first step of these studies. Therefore, all the structural elements of the protein and all the modifications should be evaluated with the capability to detect differences between the biosimilar and the reference products. Based on the observed characteristics of the reference product, the quality target product profile (QTPP) is defined for the biosimilar, including the variability and impurities found among the reference product lots since the early steps of development. 68 Analytical techniques to release batches of innovator biologics showed little variability when the product was approved in the beginning of 2000s. However, the current advanced technologies available for biosimilars comparability studies reveal differences in batches even of the originator products manufactured on different geographical places or due to manufacturing changes or simply lot to lot variation. Therefore, the question is how best to describe the similarity of these products. The goal is to perform analytical assays that allow for the analysis of both physicochemical and biological functions of the drugs. It is difficult to determine the number of assays required to fully characterize biosimilars, but it should be sufficient to demonstrate biosimilarity. Furthermore, analytical assays should be developed, qualified, and validated, despite the time-consuming nature of these. 69 A comparability study was performed using standard quality control assays for epoetins (two original products and two biosimilars) and glycosylation profile and potency differences were found among them. 70 Recent advances in analytical tools allow the characterization of biosimilars in accurate and robust ways that were not possible when the reference products were developed and approved. State-of-art liquid chromatography (LC) and mass spectrometry (MS) were used to compare the identity of a biosimilar mAb and its reference product and verify the presence of sequence variants and post-translational modifications (PTMs), such as the glycosylation profile. 71 Structural information of biologics, such as the conformation stability profile, is very important in ensuring their functional properties. These characteristics for higher order protein structure are used for comparability studies at the early and late steps to demonstrate evidence of similarity. 72 Several examples of analytical tools to determine the high order protein structure are 2D NMR ( 1 H/ 15 N) fingerprinting, hydrogendeuterium exchange mass spectroscopy (H/DX-MS), circular dichroism (CD), Fourier transform infra-red (FTIR), and differential scanning calorimetry. 2D NMR fingerprinting is useful to evaluate the integrity of the protein structure by analyzing the spectra of the biologics. H/DX-MS assesses the formulation conditions and reflects the solution conformation of the proteins by identifying flexible and rigid domains. CD and FTIR are known methods used to analyze the secondary protein structure, that is, the alpha and beta sheet content. Differential scanning calorimetry evaluates the thermal stability of biologics by monitoring the conformational stability during heating. 65 The application of the above-mentioned higherorder protein structure analyses gives complementary information about biologics and their reference and can increase the understanding of their mechanisms of action.
Specific guidelines for biosimilar mAbs were issued by the EMA determining that biological activity should be characterized by a comparability study using sensitive immunological methods able to detect differences between a biosimilar and its reference. 73 In vitro assays that need to be performed in the testing include binding efficacy to antigen and Fc gamma receptors, neutralization of antigen, and effector function related to Fc (ADCC; complementdependent cytotoxicity, CDC). Each mAb has a unique profile in relation to these characteristics, and the assays should account for the properties of the mAb in development. Bioassays usually present great variability, especially when performed with human-derived material, making the comparison between the biosimilar and the reference mAb still more difficult. The design space should be defined to account for such variability and simultaneously ensure product quality. Some companies have engineered human cell lines to be used in bioassays and thus avoid the use of human blood cells. Cell-based apoptosis assay CDC Cell-based CDC assay CD, circular dichroism spectroscopy; CE-SDS, capillary sodium dodecyl sulfate gel electrophoresis; DSC, differential scanning calorimetry; ELISA, enzyme-linked immunosorbent assay; FTIR, Fourier transform infrared spectroscopy; GlcNAc, N-acetylglucosamine; HPAEC-PAD, anion exchange chromatography with the pulsed amperometric detection; IEF, isoelectric focusing; IEC-HPLC, ion exchange chromatography; LC-ESI-MS, liquid chromatography electrospray ionization mass spectrometry; RP-HPLC, reversed-phase high-performance liquid chromatography; SEC-HPLC, size-exclusion chromatography; SEC-MALS, SEC-multi angle light scattering; SPR, surface plasmon resonance; SV-AUC, sedimentation velocity analytical ultracentrifugation.
Recently the physicochemical characterization, including state-of the art and higher order structure techniques, of the comparability study for the first biosimilar mAb approved by EMA, Remsima (infliximab), was published. Other studies such as the biological characterization, non-clinical studies, and clinical trials were performed and showed a high similarity to the reference product. 74 Table 2 summarizes the analytical assays used in the comparability studies of Remsima to the reference product. A biosimilar of rituximab (GP2013) was characterized by its physicochemical and biological properties in a comparability study, and it was shown to be highly similar. 75 These extensive studies serve as the basis for mAb biosimilar manufacturers to develop comparability studies that are as comprehensive as the ones that led to Remsima's approval.
In addition to the analytical characterizations of biosimilars, comparability studies should include the non-clinical and clinical studies. The PK evaluation by quantitative assays to measure biosimilar and reference products in the patient serum is mandatory. An overview containing the strategies to demonstrate the PK similarity study using a single analytical method with statistical evaluation was recently described. 76 A recent publication by members of the Working Party on Similar Biological Medicinal Products (BMWP) reveals their approach to in vivo testing for biosimilar products. 7 Arguments against the use of animal for biosimilar development-and eventual approval-relies on the lack of robust additional information that could be derived from animal studies besides the biological and physicochemical comparison to the reference product performed in vitro. The authors propose a paradigm change based on the low sensitivity of animal testing which makes it difficult to reveal differences between the biosimilar and the reference product. Considering PD, the results obtained through cellular systems, with more precise controls, would not gain by additional animal studies, unless there is an animal model providing information that would predict the outcome in humans. PK is preferable to be analyzed and compared in human volunteers or patients as PK assessment in animals contribute little to the comparability exercise. One of the causes of PK issues comes from formulation components and usually well-known substances are used for biosimilars development. 7 Species difference prevents animal studies to discriminate residual uncertainties related to PK and PD 77 and observed differences, whether present, do not prescind the quantitative data only obtained from PK and PD analyses. 25, 77 A comprehensive study concludes that animal studies are not suited to detect subtle differences between biosimilars and reference products or to translate them into measurable endpoints by analyzing data of biosimilars submitted to EMA. 78 Anti-drug antibodies (ADA) response is a real concern with unpredictable side effects, the most famous case being the development of pure red cell aplasia after administration of erythropoietin. 56 If the intended biosimilar product is not cross-reactive with the animal endogenous molecules, animal studies would not preclude adverse effects in humans. 7 A review by Brinks and collaborators presents the limitations of animal studies to assess immunogenicity. 79 FDA also recognizes the limitations of animal testing for immunogenicity prediction in humans. Comparison of immunogenicity between a biosimilar and its reference is rendered more difficult because the number of animal in the studies is not large. 25 However, FDA states that animal studies add value to the biosimilar development and any difference could help designing the immunogenicity assessment in humans. 25 Animal studies can give relevant information in exceptional situations, for example, when comparative tissue distribution would be needed. 7 The FDA considers that the information available on the reference product, the proposed biosimilar and the degree of biosimilarity between the two will dictate the scope and extent of animal toxicity studies. Additional comparative in vitro testing using human cells or tissues can also be used when animal toxicity studies are not warranted. 25 The FDA has the ability to waive requirements for in vivo toxicology assessment, depending on the provision of sufficient clinical data. 77 An important aspect of the path to demonstrate biosimilarity depends on bioprocesses parameters. Bioprocesses generally involve many parameters that can be interlinked or independent and introduce additional variability, including changes in the raw materials, operators, facilities, and equipment. 80 Because of the necessity to ensure product quality for pharmaceutical and biopharmaceutical drugs, in addition to providing an in-depth understanding of product and process manufacturing, regulatory agencies such as the FDA implement new approaches based on scientific principles to guarantee quality and understanding of the drug and manufacturing processes. The first initiative for the risk-based approach for current pharmaceutical Good Manufacturing Practices (cGMPs) was introduced by FDA in 2002. 81 Then, the process analytical technology (PAT) Guidance for Industry 82 was issued to help in designing, developing, and implementing efficient tools during manufacturing and for quality assurance.
The ICH has published quality guidelines, based on GMP risk management for pharmaceutical and biological products since 2005. Q8 and Q11 are guidelines for the development of products and the manufacturing process, respectively. 83, 84 These documents represent the basis for the application of the modern quality approach known as Quality by Design (QbD). Briefly, QbD is composed of the following steps: define the QTPP and determine the critical quality attributes (CQAs) for the product and process steps, define the parameters of the process to be controlled to guarantee CQAs, determine the operating ranges of such parameters to consistently yield acceptable product, and, finally, define the design space (manufacturing area that ensures CQAs). Q9, the quality risk management guideline, contains important concepts for the successful implementation of QbD. 85 The application of Q9 and sophisticated experimental design, followed by statistical evaluation, allow for the manufacturer to define the critical raw materials and those that have low impact on the process, while also determining critical process parameters to establish the appropriate manufacturing controls. After these studies, it is possible to select the attributes to be monitored and controlled in a design space. Any changes performed inside the design space are acceptable and can be released, but do not request regulatory approval. Q10, the pharmaceutical quality system guideline, complements GMP and plays a critical role in building a robust quality system into the process. 86 The parameters of QbD are integrated in the Q10 approach, allowing for process control. 87 The application of the QbD concepts into bioprocesses of complex biologics has great advantages for innovator and biosimilar manufacturers to provide high product quality standards. Some advantages are previous in-depth knowledge of cell culture characteristics, reduced time to set-up large scale manufacturing, identification of culture batches that do not attend specifications, and a reduction of manufacturing failures. 88 Furthermore, QbD helps to ensure homogeneity and quality of the final product. These properties may have impact on the safety and therapeutic effectiveness.
The overall effect of the bioprocess parameters on the quality of a final drug product is difficult to analyze. The use of statistical design of experiments (DoE) methods in the QbD approach aids in understanding the effects of possible multiple combinations and interactions of various parameters on the final drug quality. 80 The DoE strategy is scientificbased and leads to the determination of a design space and strategies for in-process manufacturing control. 67 The FDA initiated a pilot program regarding QbD for small molecules, 89 and this experience was very useful and led them to issue a pilot program for biologics. 90 In 2009, Genentech and Roche submitted two applications for biologics to the FDA QbD pilot, and both applications obtained approvals in 2013. 91 The expectation of the FDA is that the experience gained by these pilot programs will help in the development of specific guidelines for implementing QbD and the riskbased approach. 89 Another expectation is that the positive experiences of both industry and regulators will facilitate the implementation of these high quality approaches since the early stage-development of biosimilars. Although it necessitates a large investment to develop and implement the project and manage these approaches, when the bioprocess starts working, it will be easier to control or introduce small changes in the manufacturing process because of the previous knowledge of whole product process. This guarantees a time saving, high quality product and, consequently, better efficacy of treatment for the patients.
After the publication of the ICH guidelines, to synchronize and facilitate the implementation of QbD, the FDA and EMA began a pilot program for the parallel assessment of QbD applications for chemical substances in 2011. 92 This effort resulted in two question-and-answer documents, and in April 2014, a 2-year-extension of the program was announced. 93 It is expected that a similar pilot program will be extended to implement QbD for biologics. These programs will bring benefits to both biotechnological industries, including biosimilars producers, and regulatory agencies.
Market
Although it requires a large investment of time and money, the development and introduction of biosimilars in the market could provide a cost savings, increased patient access, and promote innovation. Biosimilars are available in the market at 10-30% lower prices compared with their reference products. 94 In the EU, the introduction of biosimilars and competition with the new biosimilars has already forced reference drug prices down. 95 In the US, it is estimated that the entrance of biosimilars in the market will save $3 to 4.5 billion annually and up to $378 billion over the next 2 decades. 95, 96 Another estimate assumes a biosimilar market penetration of 60%, or 4% of total biologics sales over the next decade, amounting to a $44.2 billion savings. However, this potential market is dependent on the forthcoming decisions from the FDA. 97 The global biosimilar market is estimated to reach $2.0 billion by 2018 at a compound annual growth rate (CAGR) of more than 20% between 2013 and 2018. The more complex proteins, including more than 50 biosimilar mAbs in the pipeline, suggest a growth rate of 25% by 2018. 94 The first pioneering biosimilar is expected to hit the big US market after Novartis' biosimilar filgrastim had its advisory review cleared with a unanimous endorsement. Celltrion expects to reach the US market also, expanding its earnings to some $35 billion a year with biosimilar infliximab sales. 98 It is scheduled for 17th March, 2015 a meeting of a public advisory committee of the FDA to discuss the biologics license application (BLA) 125544 for CT-P13, a proposed biosimilar to Janssen Biotech Inc.'s REMICADE (infliximab), submitted by Celltrion. 99 The interest in the biosimilars market is growing in the emerging markets due to a number of factors, including the enormous portion of many government healthcare budgets (50% in Brazil) going toward the high cost of imported branded biologics despite biologics only representing 2-3% of the overall medicines. Brazil has the second largest biologics market among emerging countries, and the Brazilian government is responsible for covering all the healthcare and drug costs for its 205 million inhabitants. 100 To reduce the dependence on high-priced, foreign-branded biologics with expired patents, the Brazilian government created a program in 2012, updated in 2014 called Product Development Partnerships (PDP) 101 to improve its biotechnology and biomanufacturing capabilities and produce its own biosimilars by creating public/private partnerships. The private companies need to fully transfer the technology to the public partners which need to hold a back-up history of the biosimilar manufacturing processes in case the private companies discontinue its production, whereas the government provides guarantee of purchase for 5 years for provision of the Unified Health System (SUS). In 2013, several PDPs were signed between the Ministry of Health and public institution partners of pharmaceutical companies. To accelerate the development of biosimilars, the Brazilian companies license from and collaborate with foreign companies with drugdevelopment experience. 102 The main focus of the PDPs is the development of biosimilar versions of blockbuster mAbs for cancer and autoimmune diseases, such as Herceptin, Avastin, Enbrel, and others. The approval of these biosimilars follows the tight ANVISA's requirements because Brazil is considered a regulated market.
For the biosimilar companies, the emerging markets such as Brazil, Russia, India, China, and South Korea offer the following advantages over their counterparts in more mature markets: lower labor and goods costs, access to large domestic, and regional market and, in many cases, government support, 100 an incentive sought by other countries as well, for example, France. 103 Conversely, market approval is easier in non-regulated countries where other biosimilar mAbs have been launched. 104 
Concluding Remarks
Biosimilars have been evolving over time; the less complex molecules, some produced in microorganisms, were followed by recombinant mammalian cell derived proteins with varying degrees of complexity until the heavily glycosylated biosimilar of erythropoietin was approved. Now, the time for mAbs has arrived and the market will be boosted by a number of alternatives already in clinical trials. At the same time that the big pharma faces the challenge of losing market exclusiveness, some of these companies are developing biosimilars from other original manufacturers while pursuing new biologics in their development pipeline. 98, 105 It is clear that the industry of biosimilars brings benefits for both science and healthcare. Producing copies of a comparable biological medicine to a reference product that is already in use is not easy, especially reducing the production costs to attain market feasibility. Obtaining cell lines with higher productivity for the manufacturing processes, tight control parameters to avoid heterogeneity beyond the reference product are important especially in the biosimilars industry. Understanding lot to lot variability and space design for QbD implementation is critical in the development of powerful analytical tools. The in-depth analysis of different lots of branded mAbs produced over time has added to the knowledge-base in the biotech and pharma industries. It is important to consider the link between the manufacturing variability and clinical outcome in the differences found in the lots of marketed mAbs, as not necessarily the differences imply in clinical significance. 54 Many contract manufacturing companies were launched on the premise of pursuing biosimilar development and the need to cut time schedules, together with developing new concepts in manufacturing processes by the adoption of the single-use technology. Biosimilars are here to stay and the biosimilar mAbs are on the cusp to attain approval from quality and safety regulators as well as the confidence of health authorities, doctors, and patients.
